Abstract: Land Surface Temperature (T s ) is an important boundary condition in many land surface modelling schemes. It is also important in other application areas such as hydrology, urban environmental monitoring, agriculture, ecological and bushfire monitoring. Many studies have shown that it is possible to retrieve T s globally using thermal infrared data from satellites. Development of standard methodologies that routinely generate T s products would be of broad benefit to the utility of remote sensing data in applications such as hydrology and urban monitoring.
AVHRR and MODIS datasets are routinely used to deliver T s products. However, these data have a 1 km spatial resolution, which is too coarse to detect the detailed variation of land surface change of concern in many applications, especially in heterogeneous areas. Higher resolution thermal data from Landsat (60-120 m) is a possible option in such cases.
To derive T s , two scientific problems need to be addressed, the first of which is the focus of this paper:
• Remove the atmospheric effects and derive surface brightness temperature (T B ),
• Separate the emissivity and T s effects in the surface brightness temperature (T B ).
For single thermal band sensors such as Landsat 5, 7 and due to a stray-light issue on Landsat-8, the multiband methods used to derive T B , such as the split window methods used for NOAA-AVHRR data (Becker & Li, 1990 ) and the day/night pairs of thermal infrared data in several bands used for MODIS (Wan et al., 2002) are not available for correcting atmospheric effects. The inputs used for retrieval of surface brightness temperature T B from Landsat data therefore need more attention, as the accuracy of the T B retrieval depends critically on the ancillary data, such as atmospheric water vapour data (precipitable water). In the past, it has been more difficult to retrieve a reliable T B product routinely from Landsat due to limited availability (time and space) of accurate atmospheric water vapour information.
To test the possibility for retrieving a good quality T B product routinely from Landsat, in this paper, T B products are derived from four current and routinely available global atmospheric profiles, namely the NASA Modern Era Retrospective-Analysis for Research and Applications (MERRA); the National Center for Environmental Prediction (NCEP) reanalysis I, the National Center for Environmental Prediction reanalysis II and the European Centre for Medium-Range Weather Forecasts (ECMWF) Interim reanalysis. These products were evaluated against the T B derived from the near coincident ground-released radiosonde data (balloon data) using a physically based radiative transfer model MODTRAN 5. The results from this comparison have found:
• The global data sets NCEP1, NCEP2, MERRA and ECMWF can all generally give satisfactory T B products and can meet the 1 K accuracy levels demanded by many practitioners.
• The ECMWF data set performs best. The root mean square difference (RMSD) for the 9 days and 3 test sites are all within 0.4 K when compared with the T B products estimated using ground-released radiosonde measurements.
The results show that using single thermal band Landsat, accurate T B can be delivered operationally using a robust physically based radiative transfer model such as MODTRAN 5 and operationally available global atmospheric profiles, particularly the ECMWF interim reanalysis data.
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INTRODUCTION
Land surface temperature (T s ) is an important land surface parameter used in many applications such as land surface modelling and hydrology, urban environmental monitoring, agriculture and ecological monitoring as well as disaster management applications (Li, et al., 2013 For atmospheric correction using single band thermal sensors such as Landsat 5, 7 and 8 (Landsat 8 is treated as a single band sensor in this study since its second thermal band, band 11, has a serious stray light issue which is yet to be resolved), multi-band split window methods, such as those used for NOAA-AVHRR data (Becker & Li, 1990) , and day/night pairs of thermal infrared data in several bands, as used for MODIS (Wan et al., 2002) are not available for correcting atmospheric effects. However, many studies have shown that if we have accurate ground-released radiosonde measurements (balloon data) taken to a sufficient altitude in the atmosphere, an accurate radiative transfer model (such as MODTRAN 5) can effectively remove most of the atmospheric effects. The accuracy of surface brightness temperature derived in this way has been found to be within 1 K (Li et al., 2004 and Jacob et al., 2004 , Coll et al., 2012 . The problem has been that groundreleased radiosonde measurements with sufficient spatial and temporal density are not generally available.
For operational processing of Landsat data, other data sets are needed. Currently, several atmospheric reanalysis profiles from weather forecast and satellite data are available globally. Jimenze-Munoz et al. (2010) and Coll et al. (2012) found in their studies that these data sets were accurate enough to produce a good Ts product in the rice fields of Spain. In this study, two products from NCEP, one product from MERRA and one product from ECMWF have been used to derive surface brightness temperature products using 9 thermal images from Landsat 5, 7 and 8 over three sites in Australia. The surface brightness temperature products from these global reanalysis products have been compared with those estimated using local radiosonde data (balloon data).
METHODOLOGY
The thermal radiation from a black body at wavelength λ can be expressed using the Planck radiation formula:
Where h is Planck's constant, c is the speed of light, κ is Boltzman's constant and B λ is black body radiance. This equation may be inverted to provide an expression for temperature in terms of radiance. In this case it has the form (Schmugge et al., 1998) :
where C 1 and C 2 are constants., with values of 3.74151×10 The relationship between band radiance and surface temperature is more complex than for a single wavelength. For a given band, let W(λ) represent the spectral response function and assume 1 ) (
then radiance corresponding to the band ( L w ) can be expressed as: 
where L λ is the emitted radiance at wavelength λ and temperature T. Among various approaches used in this case to provide a convenient and direct transformation from radiance to temperature, one is to approximate the relationship for a given wavelength band by a function with the same form as the monochromatic Planck function. For example, the relationship between surface temperature and band integrated surface L w can be approximated as: (K) are calibration constants. The calibration constants are chosen to optimize the approximation for the specific band pass of the sensor and are therefore sensor specific, with k 1 and k 2 for Landsat 5, 7 and 8 listed in Table 1 (Chander et al., 2009 ).
According to Schmugge et al. (1998) and Li et al. (2004 Li et al. ( , 2013 , the sensor measured radiance I sensor for thermal band (wavelength > 6μm) can be simplified as:
, (5) where t λ is atmospheric transmittance, d λ is the spectral path radiance added by the atmosphere, I w (0) is the surface leaving radiance, a and b are sensor calibration coefficients and DN is the image digital number. Applying equation (4) to I w (0) provides a standard product called the brightness temperature (T B ).
The surface leaving radiance can also be expressed in terms of surface temperature and emissivity as:
In this equation, λ ε is the (wavelength dependent) surface emissivity; d I λ is the down-welling sky radiance due to the atmosphere. The surface temperature (T s ) can be obtained by applying equation (4) to L w . Using the MODTRAN atmospheric radiative transfer model (Berk et al., 2008) , t λ , d λ , and d I λ can be obtained in a straightforward way using the known Landsat band spectral response functions and reliable atmospheric profile data. Thus, the brightness temperature can be obtained from equations (4) and (5) and if effective band emissivity is known, the surface temperature can be calculated from equations (4), (5) and (6). The accurate estimation of brightness temperature, which is the first step as well as a useful product in its own right, will be the focus of this study. (Kalnay et al., 1996) , NCEP reanalysis II (NCEP2) (Kanamitsu et al., 2002) , the MERRA reanalysis data (Rienecker, et al., 2011) and ECMWF interim reanalysis data (Dee et al., 2011) . For detailed information about each data set see the references listed above and also http://reanalyses.org/atmosphere/overview-current-reanalyses. Since the Landsat overpass in Australia is usually close to 0 UTC (Table 2) , the 0 UTC data for the five radiosonde data were used in this study. To ensure accuracy for thermal data correction, MODTRAN needs atmospheric profiles with all the parameters available up to 30-40 km altitude (around 10 mb). The NCEP1 data set is the only one among the data sets used here that does not meet these requirements. In such a situation, the default MODTRAN atmospheric profiles are generally used for the upper layers.
DATA AND TEST SITES

Test sites
Most of the reanalysis data are presented relative to atmospheric pressure. The lowest layer is at 1000 mb which is nominally sea level. However, in some areas, the actual surface pressure is lower than 1000 mb and in others, surface pressure is higher than 1000 mb. So, an extra surface layer is needed if these data are used for MODTRAN runs. In addition, Jacob et al. (2004) found that if routine surface meteorological data, such as surface air temperature, relative humidity and atmospheric pressure are used for the first layer of the atmospheric profile, the accuracy of atmospheric correction improves. Based on their findings, here, the first layer of the atmospheric profile used ground measurements.
Precipitable water is critical for applying atmospheric correction to the thermal data (Li et al., 2004 , Jacob et al., 2004 . Other input data, such as aerosol optical depth and ozone data that are needed for the thermal data correction were consistent with those used for the surface reflectance atmospheric correction processing performed in Geoscience Australia (Li et al., 2010) . ) from the five profiles (centre point of the image). Note: for Landsat 8, only band 10 is included in the assessment, the first letter indicates the site location. RMSD is relative to the Balloon data. 
RESULTS
The 9 images were processed using the methods described in section 2 with the five different atmospheric profiles. The accumulated precipitable water from the five different atmospheric profiles is listed in Table 4 . In general, the results from using the global products are close to those based on the balloon data. ECMWF gave the closest results, especially for Darwin site where other data sets gave poor results.
The MODTRAN 5 output t λ , d λ and I dλ used to compute surface brightness temperature are listed in Table 5 for the five different atmospheric profiles (center point of the image only).
From Tables 4 & 5, we can conclude that the precipitable water (as expected) strongly impacts on the atmospheric parameters (path radiance d λ , transmittance t λ and downwelling radiation I dλ ). RMSD in Table 5 shows that ECMWF gave least RMSD for all parameters. The surface brightness temperature products can be computed using equations (4), (5). In this study, 9 days of surface brightness temperature have been generated. Due to page limits, only a subset of the T B images of Landsat 7 for May 2, 2003 at Darwin site (path 106, row 69, subset center 12.855S, 130.945E) have been displayed in Figure 1 . Table 5 shows that MODTRAN output has greatest discrepancy between the balloon data and NCEP2 and MERRA. , from left to right, using balloon data; using NCEP1, using NCEP2, using MERRA and using ECMWF. Figure 1 shows that there is not much difference between the images produced from balloon and ECMWF (<0.3 K). However, using NCEP2 and MERRA data, T B is several degrees higher than those corrected using the balloon data. To quantitatively analyse the impact of different atmospheric profiles on the atmospheric correction accuracy for all images, five surface brightness temperature images of 9 days were compared. Assuming that the balloon data to be accurate, the T B products corrected using balloon data can then be regarded as the ground truth. The differences can then be calculated between the surface brightness temperature derived from the balloon data and the MERRA, NCEP 1&2 and ECMWF data. Table 6 shows how the different atmospheric profiles impact the overall results for surface brightness temperature retrieval. The results show that for the Moree and Wollongong sites, where the selected days are relatively dry, reanalysis atmospheric profiles are all close to the balloon data. The root mean square difference (RMSD) falls within 1 K using all data sets. Both MERRA and ECMWF provide good agreement, especially ECMWF. ECMWF also gave good agreement with Darwin site where MERRA and NCEP2 performed badly. Large RMSD values occur at the Darwin site when MERRA and NCEP2 were used. May 2, 2003 has the highest RMSD for MERRA and NCEP2 data sets with RMSD being larger than 2 K for MERRA and 3 K for NCEP2, respectively. Overall, ECMWF gave consistent results for all the three sites with RMSD being within 0.4 K for all of the 9 days.
DISCUSSIONS AND CONCLUSIONS
Many past studies have shown that with reliable ancillary data and adequate atmospheric modelling software, it is possible to accurately estimate surface brightness temperature from remotely sensed data. This includes the higher spatial resolution data available from Landsat. For such single thermal band instruments, the critical data needed for atmospheric correction are accurate atmospheric water vapour profiles.
The results from this study have shown that for the atmospheric correction step of the process, the global data sets NCEP1, NCEP2, MERRA and ECMWF can generally give satisfactory results and can meet the levels of accuracy demanded by many practitioners, such as 1 K for surface brightness temperature. Among the data sets we used, ECMWF gave excellent results with RMSD all falling within 0.4 K in all the test data. The ECMWF data set also has relatively high spatial resolution (0.125 o x0.125 o ) and 37 vertical layers (up to 1 mb of pressure). It therefore meets operational requirements. Recently, ECMWF data have also become more easily accessed and freely available to download. This makes the operational processing of thermal data feasible at least to an accurate and operational brightness temperature.
The present study has only focused on relatively flat areas. Additional correction may be needed if surface temperature data from rugged areas are needed (see Liu et al., 2006) . A research study may also be needed to establish this for the terrain encountered in Australia and if needed, the methods described by Liu et al. (2006) could be implemented using the established framework of the DEM based processing currently implemented at GA for the reflective bands. Accurate emissivity estimation is also a crucial step to derive reliable land surface temperature. The approach needed for derivation of an effective emissivity product and associated surface temperature will be the subject of a future study. 
